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A B S T R A C T
This paper proposes a low-cost, high precision and efﬁcient throttle-less hydraulic circuit
that utilizes off-the-shelf industrial elements to control single rod hydraulic cylinders. The
circuit uses an on/off solenoid valve to redirect the differentialﬂowof a single rod hydraulic
cylinder, and two counterbalance valves to manage switching (resistive–assistive) loads.
Conducted experiments on a prototype system indicated a maximum steady state
positional error of 0.2mm. The circuit consumes only 20% of energy that is required by a
valve controlled circuit to follow the same tracking signal. A simple proportional controller,
that uses readings of a linear position transducer, is employed for all experiments, which
makes the designed circuit easy to be implemented.
ã 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Hydraulic systems are known to be heavy, noisy and inefﬁcient [1]. The conventionalway to control a hydraulic cylinder is
to use throttling valves. Throttle-less circuits have been well developed and fully implemented for double rod cylinders in
industry [2]. Double rod cylinders are symmetric, and ﬂows at two sides of cylinder are the same. The challenge of a
throttle-less single rod cylinder is to control differential ﬂows of the cylinder with a symmetric pump [1]. There exist several
designs of throttle-less hydraulic single rod cylinders, but none of them has been widely used in industry [3]. Such designs
use special and expensive pumps, have controllability issues, or utilize several pumps for each cylinder which makes the
machine heavy and complicated [3].
This paper presents the design and evaluation of a low-cost and easy to control single pump throttle-less circuit designed
to position a single rod hydraulic cylinder for industrial applications like presses, elevators and tote dumpers. An
experimental test rig has been prototyped which comprises an on/off valve and two counterbalance valves. Experiments are
conducted to investigate performance of the proposed circuit in terms of position accuracy, position tracking, and energy
efﬁciency. Characteristic of the proposed circuit is explained, followed by explaining the test rig and reporting experimental
results. Position accuracy is calculated by subtracting the actual and desired positions of the end-effector while a switching
loadwith varying amplitude square signal is displaced by the system. Quality of position tracking is investigated by applying
a trapezoid position signal, and quantitatively observing the response of the system under switching load. Energy efﬁciency
is calculated by reading the pump pressure and the displacement of the end-effector.
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2. The proposed circuit
The proposed circuit is shown in Fig. 1. Pump I is a ﬁxed displacement gear pump. Prime mover M is a variable speed
bidirectional electromotor. Pump feeds ports of the cylinder through two counterbalance valves: CBV1 and CBV2.
Counterbalance valves are normally used as safety valves for systems working with assistive or suspended loads [4]. As
observed in Fig. 1, the counterbalance valve includes a check valve to direct the ﬂow from the pump to the cylinder with no
restriction, and a pilot pressure relief valve that blocks the ﬂuid from the cylinder to the pump. Return ﬂow from the cylinder
to the pump is regulated by a pilot pressure from the other port of the cylinder. Given that the pump does not rotate, the two
counterbalance valves keep the position of the cylinder end-effector ﬁxed without any effort from the pump. Two
counterbalance valves keep the pressure higher than the tank pressure at the cylinder ports while check valves IIIa and IIIb
maintain the pressure of at least one of the pump ports at the tank pressure [5]. Counterbalance valves make the hydraulic
cylinder controllable in the case of switching loads [3]. Pressures at ports A and B of the cylinder are dependent on pilot
ratios, setting of counterbalance valves, and load dynamics [5,6].When the pump supplies pressure at port a, port b sucks oil
from tank T (see Fig. 1) through check valve IIIb, and the valve IV remains closed. Pressure builds up at port A of the cylinder
through check valve CBV1, and the pressure increases at portB aswell. Counterbalance valve CBV2 keeps the line closed until
its pilot pressure reaches the setting pressure. Once CBV2 opens, the end-effector extends and pushes the right spring.When
the pump feeds oil through port b, valve IV opens, and the pump sucks oil from the tank through valves IV and check valve
IIIawhile check valve CBV2 opens the pressure to port B of the cylinder, and pressure builds up at port A of the cylinder as
[(Fig._1)TD$FIG]
Fig. 1. Schematic of proposed circuit.
[(Fig._2)TD$FIG]
Fig. 2. Prototype rig (a) pump unit; (b) actuator unit; (c) switching load simulator.
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well. Counterbalance valve CBV1 remains closed until pilot pressure from port b reaches to the setting pressure.When CBV1
opens, the rod retracts and the end-effector pushes against the left spring. Valve IV returns differential ﬂowof cylinder to the
tank.
3. Prototype system
Fig. 2 shows the prototyped test rig that was developed to validate the proposed throttle-less circuit. The test rig was
assembled using off-the-shelf industrial parts. Pump I is a ﬁxed displacement gear pump (see Fig. 1). Prime mover M is a
three-phase induction electromotor controlled by a variable frequency drive VFD. Data acquisition board (DAQ) was an
eight-channel Quanser IO board. Two identical springs are assembled to produce the desired switching load. Table 1
summarizes technical speciﬁcations of the test rig. To evaluate performance of the proposed circuit, overall two sets of tests
were accomplished. Control loop of the circuit was closed on readings of cylinder end-effector position transducer S (see
Fig. 1) and a proportional controller was employed for all tests. Four pressure transducers were installed to read pressures at
the pump and cylinder ports. The ﬁrst test was performed to demonstrate the accuracy and consistency of the circuit. The
second test was carried out to show the tracking performance and delivered hydraulic power to counterbalance valves ports
of the circuit. The delivered hydraulic power to counterbalance valves ports of the circuit was compared to required
hydraulic power to deliver to throttling valve ports of a valve controlled circuit that was equipped with a pressure
compensated pump.
4. Evaluations
Two experimentswere deﬁned to investigate the position accuracy/tracking and energy efﬁciency of the proposed circuit.
In the ﬁrst test, a variable amplitude desired positionwas applied to the circuit for 35 s. Fig. 3a shows the desired and actual
position response of the circuit. Steady state position error for three consecutive stops of the end-effector was observed. The
peak value of the steady state position error at the end-effector was less than 0.2mm. The largest time delay of the position
response was about 0.8 s. This time delay is attributed to the VFD (0.3 s), inertia of rotating parts of the pump-motor unit,
dynamics and setting of the counterbalance valves, and the oil compressibility. The test indicated that the circuit was
controllable, the responsewas repetitive and the accuracy of the position responsewas less than 0.2mmout of 30 cm of end-
effector displacement.
In the second experiment, the tracking performance and energy consumption of the circuit was examined. A slowdesired
position signal was applied to the circuit. Desired and actual position responses of the circuit are shown in Fig. 3b. As seen, at
the beginning of motion, the end-effector did not follow the desired position signal. However, once the counterbalance valve
opened, the end-effector tracked the desired position signal smoothly. To open the counterbalance valve, the pump needs
time to build up pressure at the pilot port of the counterbalance valve. The value of the pressure depends on settings of the
valve [5].
Fig. 4 shows pressures at ports of the cylinder versus the end-effector position for the switching load for one cycle (7–25 s)
of experiment presented in Fig. 3b. At t =7 s, pump did not build pressure, while both CBV1 and CBV2were closed and kept
the end-effector at its position compressed the left spring and had the right spring free.When the pump built up pressure at
port a, the pilot pressure to the CBV2 rose up, and CBV2 opened and throttled the ﬂow fromport B of cylinder to port b of the
pump. Due to throttling in CBV2, the pressure at port B rose up momentarily. Once the motion began, the assistive load
started decreasing, and the pressure at port B dropped gradually. The loadwas assistive during the trajectory from point A to
Table 1
Parameters of prototyped device.
Parameter Value/speciﬁcation
Piston cap side area, A 11.40 cm2
Piston rod side area, B 6.33 cm2
Cylinder stroke 71.12 cm
Pump type Gear, ﬁxed displacement, Parker
Pump displacement 10 cm3/Rev
Counterbalance valve Sun hydraulics (3:1)
Check valves Sun hydraulics (0.2 bar)
Pressure relief valves Sun hydraulics (207bar)
On/off Solenoid valve Parker
Spring coefﬁcient 16700s2m
Servo drive Variable frequency driver, 0–60Hz, Leeson
Electromotor AC induction motor, 4 pole, Leeson
Pressure transducers Ashcroft (0–138bar, 0–10V)
Sensitivity of linear transducer 1mm
Accuracy of pressure sensors 1% of 138 bar
DAQ Q8, Quanser
Proc. Windows 7 desktop
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point C (see Fig. 4). The right spring resisted against the end-effector from point C to point D. Two central lines for curve PB
and curve PA (Fig. 4) specify the general behavior of the end-effector. Pilot ratio of the counterbalance valves determines the
slop of the central line, and setting of the counterbalance valve indicates the position of the line [5]. In this setup, both
[(Fig._3)TD$FIG]
Fig. 3. Desired (dashed line) and actual (solid line) position response of the cylinder end-effector in (a) ﬁrst experiment and (b) second experiment.
[(Fig._4)TD$FIG]
Fig. 4. Pressures at the two ports of the cylinder versus the end-effector position for test presented in Fig. 3b.
[(Fig._5)TD$FIG]
Fig. 5. Power consumed by the pump and power required by a valve controlled circuit to complete the task given in Fig. 3b.
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counterbalance valves had the same pilot ratio. Fig. 4 shows, cylinder ports did not reach the tank pressure, and the end-
effector was controllable for switching load [3].
5. Further discussions
Delivered hydraulic energy of the pump over 30 s of tracking motion by multiplying the pressure difference at the pump
ports to the ﬂow to counterbalance valves ports (see Fig. 3b) showed the pump consumed 37.7W (see Fig. 5). A prediction of
the consumed energy by a pressure compensated pump in a valve-controlled circuit, to perform the same pattern of motion,
was performed. The power is calculated bymultiplying the ﬂow to pressure value of the pressure compensated pumpwhich
resulted in 183.6W. In a valve-controlled hydraulic circuit equipped with load sensing pump, when the load is assistive, the
cylinder is uncontrollable [7]. Assuming that in the future the uncontrollability issues using load sensing pump for assistive
loads is solved, the theoretical studies have indicated that the energy required to produce the same pattern of motion in the
same load condition is 10% higher than the proposed circuit. Compared to our proposed circuit, valve controlled circuits
equippedwith load sensing pumps are expensive and requiremore complicated supporting hydraulic elements than the off-
the-shelf gear pump that was used for the proposed test rig. In contrast with throttle-less circuits for double rod cylinders,
the proposed circuit cannot recycle energy, also it have some time delay of position response at the beginning of the motion.
6. Conclusions
This paper presented a low cost throttle-less hydraulic circuit to control switching loads. The performance of the
proposed circuitwas tested using a test rig that was constructed using off-the-shelf industrial elements. Results showed that
the position steady state error was less than 0.2mm. Moreover, the cylinder end-effector exhibited good position tracking
under a slow tracking signal. The circuit worked 5 times more efﬁcient than a valve controlled circuit to follow the same
tracking signal. The proposed circuit requires a simple proportional controller, which is believed to be simpler to implement
than existing throttle-less hydraulic circuits. The circuit should therefore be considered seriously as a novel designwhen the
load is switching in applications like hydraulic presses, elevators, fork lifts and tote dumpers.
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